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This report documents the findings of a number of studies that 
directly address reliability and maintainability (R&M) issues 
involved with active solar energy systems. The intent is to con- 
solidate these findings in a manner that will allow meaningful 
conclusions to be made about the present state of R&M concerns. 
Recommendations on future R&M needs and directions are formulated 
from conclusions based on the aggregated data. Support for this 
work was provided by the Active Heating and Cooling Program of the 
U.S. Department of Energy. 
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Objective 

To consolidate relevant reliability and maintainability (R&M) information 
based on documented findings from field installations. 

Discussian 

Twenty applicable R&M studies are identified and summarized. Whenever possi- 
ble, analogous data from the various studies are compared and combined to give 
a clearer, more complete representation of pertinent R&M issues. Data from 
government-sponsored demonstration projects, utilities, private consultants, 
and owner surveys are included. Failure rates and problem frequencies are 
emphasized rather than guidelines and experiences that have been compiled 
elsewhere. R&M issues concerning solar energy systems, subsystems, and compo- 
nents are reviewed. 

The majority of R&M data discussed deals with liquid systems for solar domes- 
tic hot water applications. Drainback and recirculation systems were found to 
be the most reliable of the liquid systems; antifreeze and oil systems were 
moderately reliable. Draindown systems and systems using electric resistance 
heating to prevent freezing were the least reliable of the liquid systems 
studied. 

Conclusions 

At the subsystem level, storage was found to be the most reliable of those 
subsystems considered. Storage problems are generally not severe, and their 
impact on system operation is minimal. Problems that occur are usually trace- 
able to improper installation or maintenance. Transport subsystems experience 
a relatively large number of problem incidences, but these also are generally 
not severe. Strong evidence exists that many transport problems can be elimi- 
nated by improved design and installation practices and proper maintenance. 
Collector subsystems exhibit low reliability with 30%-50% of the surveyed sys- 
tems reporting some type of collector problem. Failures attributed to leaks, 
damaged glazing seals and gaskets, and freezing are the most prevalent collec- 
tor problems and need to be further addressed. Control subsystems experience 
fairly high incidences of problems, although the level of severity tends to be 
low. Temperature sensor quality, placement, and installation are more criti- 
cal than inherent faults with the controller hardware component. 

Overall, storage units and heat exchangers are the most reliable solar compo- 
nents, although piping/ducts, controls, and collectors exhibit relatively poor 
reliability and require further R&M research. Pumps, fans, valves, and damp- 
ers are intermediately reliable. 
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SECTION 1.0 

INTRODUCTION 

1.1 BACKGROUND 

As a result of the Arab oil embargo in 1973, the U.S. government began to 
focus attention on the use of solar energy to displace fossil fuel. A number 
of government-sponsored programs were instituted specifically aimed at demon- 
strating the feasibility of using solar heating and cooling in residential and 
commercial buildings. Public interest in solar energy and solar-related tax 
incentives gave rise to a dramatic increase in the number of private companies 
engaged in solar system manufacture, marketing, and installation. A number of 
public utilities across the country also initiated residential solar energy 
programs [l]. The result of this activity was an increase in the number of 
homes featuring active solar systems in the United States from less than 5000 
in 1974 to over 160,000 in 1980 [2]. 

Since the economics of solar systems depend directly upon the performance of 
such systems, a number of efforts were made to monitor the operation of 
selected installations. The level of instrumentation used in these undertak- 
ings ranged from Btu-meters to determine energy output [3] to an array of tem- 
perature, flowrate, and radiation sensors [4] to yield subsystem efficiencies. 
In general, the results were discouraging. System efficiencies were often 
much lower than expected. Major failures were common. 

Since many problems were traceable to improper design and installation, a num- 
ber of design handbooks were prepared, and workshops for designers and 
installers were held. By the end of the 1970s it became apparent that fail- 
ures were still prevalent; system efficiency information and operational per- 
formance were not sufficient to quantify the cause and frequency of solar sys- 
tem failures. 

Although some attempts were made to gather reliability and maintainability 
(R&M) data, this was often done as a secondary effort in a performance study. 
No broad-based program to acquire R&M data equivalent to the Department of 
Energy (DOE) and Department of Housing and Urban Development (HUD) attempts in 
performance monitoring was ever established. As a result, R&M data on solar 
systems are of varying quality and is scattered throughout the literature. 

It is the purpose of this report to consolidate the findings of previous R&M 
studies into a single document and thereby draw conclusions regarding R&M 
issues based on the combined data. The emphasis was placed on hard reliabil- 
ity data (e.g., failure rates) as opposed to design guidelines and informal 
field experiences, which have been related elsewhere [5-131. 

The important characteristics of the information used for this study are sum- 
marized and presented in Table l-l. Each data source has been assigned a 
study number that will be used throughout this report. Each study listed in 
Table l-l is identified by the organization performing the work and that 
organization's classification (national laboratory, utility company, etc.), 
and applicable references to the literature are given. The number and types 
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Table l-L R&M Data Studies 

Study Type of Number of Type of Region of Dates of Dates of Purpose of Type of Relevancy of 
NO. 

O~g.3”iZatfO” References 
Orga”Ization Systems Systems Study I”Stallati”” Study Study Studya Datab 

Notes/Remarks 

- --c National Bureau 
of Standards 

Natl. Lab 110 Throughout 
USA 

National Residential 
Solar Demonstration 
Program 

Cycle I 14 

(NBS) 

NBS - 10/76-51.90 246 

355 

212 

25 

41 

24 

47 

40.66 

80 

12 

16 

170 

136 

50% New; 
50% Retrofit 

- 

- 

- 

-- 

Large-scale, hot 
vater systems 

Water (16) 
Glycol (19) 
011 (1) 
Air-space hear (2) 
Air-space heat and 

DNU (9) 

- 

Water (61) 
Air (8) 
Tracking (7) 
Tubular (4) 

Space heat 6 
DW (8): 
Glycol (2) 
Air (6) 
DliU only (4): 
Glycol (2) 
Air (1) 
water (1) 

D~+J (6) 
Space heat and 

DHV (8) 
Space heat (1) 
space coo1 (1) 

NBS 

4 NBS 

NBS 

6 NBS 

NBS 

Argonne 
National 
Laboratory (ANL) 

10 

ANL 

ANL 

Cycle II; highest No. of in- 14 
strumenred sites of 4 Cycleo 

5177-6180 Cycle III 14 

3/70-11179 Cycle N 14 

-- National Commercial 
Solar Demonstration 
Program 

14 

PO” II 14 

Horel/l4oeel 14 -- - R 

-- 15.16 -- Evaluate freezin8 
problems 

- 1976-6178 (40) 
7/m-4179 (66) 

Improvements In RbK R National Solar 
Demonstration Program 
sites; collector con- 
trols, freezing, and 
interconnection prob- 
lems found 

17-19 

National Commercial 
Solar Demonstration 
Progrm 

R -- 20 

11 Solar Environ- Subcontracter 
rental Engineer-, for SERI 
i”8 Co. and 
Solar Co”trol 
Corp. 

Colorado - 11/78-Z/79 Co”troller perfor- 
!Xa”Ce 

1,s Mechanical Inspec- 
tion of HUD sites 

21.22 

12 Vitro Labs Subcontraeter 
for SERI 

Throughout 
USA 

-- 10/81-9182 NSDN sites 23 Provide quantita- 
tive data on R6H 
of solar hearing 
and cooll”g #y*tem 
components 

M,R 

13 Northeast Solar RegIO”al 
EnerBy Center Center 
(NBSEC) 

DHU; 
Antifreeze (156) 
Drainback (11) 
Draindow” (2) 
Phase Ch.U&S (1) 

New England 
New York 

New Jersey 
Pc”“syl”.¶“Ie 

- 11/80-2181 To investigate the I 
etete of the art of 
Installation tcch- 
niquea sod system 
durability In the 
field. 

7/01-5102 Generate operational ~.S,U 
rellabillty to Iden- 
tify problem areall 
for further RLD 

ResIdentIel systems 24 

14 Energy Syetcls 
Group 

(ESG) 

DEWY; 
nccircu- 
lating (63) 
Antifreeze (29) 
Drainback (22) 
Draindow” (13) 
aanua1 (5) 
Thcrmoeiphon (2) 

Southeast USA: 
Plorida (85) 
Virginia (14) 
Alabama (12) 
Georgia (4) 
s. Carolina (4) 
N. Carolina (8) 
Texan (7) 
Kentucky (2) 

- - 25.26 
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of systems involved and the geographic locale distinguishing each study are 
reported. In general, region and system type will exhibit some correlation; 
systems in nonfreezing climates (for example, Florida) tend to be recircula- 
tion or drainback/draindown water systems, whereas those in colder areas (for 
example, New England) emphasize an antifreeze approach. 

Because the state of the art of solar energy system design and manufacturing 
has expanded rapidly in the last ten years and because R&M problems have been 
widely publicized in published guidelines [5-71, handbooks, experiences [8] 
and articles detailing lessons learned [g-13] with earlier systems, the time 
period of a given study is important. Further, to avoid biasing results by 
infant mortality rates of failed components [18], the time window of a given 
study relative to system installation and start-up is critical. These data 
are also indicated in Table l-l. 

Finally, the quality and applicability of data to R&M concerns are related to 
the ultimate goal of a given project at its inception. If the interest was to 
monitor system performance and R&M was only a secondary concern, then it is 
likely that any such data gathered or generated will only be of secondary rel- 
evance and quality. Unfortunately, few studies have exhibited R&M planning. A 
recent survey [26] found that 

. ..there are at least 18 organizations throughout the country 
conducting some type of monitoring program to analyze the thermal 
performance of solar hot water systems. However, little informa- 
tion is available on the reliability of different solar system 
types along with the different types of problems encountered." 

A description of the purpose of each study, applicable notes and remarks, an 
indication as to the type of study (monitored sites, on-site inspections, 
owner survey, etc.), and a subjective classification of the R&M relevancy of 
the data included in each study are also included in Table l-l. Whenever data 
are not applicable or not available in this and all other tables in this 
report, a double dash notation (--) is used. 

1.2 REVIEW OF DATA SOURCES 

The objective of this effort was to consolidate all relevant reliability and 
maintainability information based on documented findings from field installa- 
tions. Failure rates and problem frequencies are emphasized rather than 
guidelines and experiences, which have been compiled elsewhere. Research 
efforts are not discussed in detail, but references to applicable work are 
given. 

Wherever possible, analogous data from different studies are compared and com- 
bined to give a clearer, more complete representation of pertinent R&M issues. 
This process has been difficult because of the diverse way in which R&M infor- 
mation has been gathered, analyzed, and reported. As indicated in Table l-l, 
a large variation exists between studies in such areas as purpose and empha- 

sfs, data gathering techniques, geographic location, and time period. In 
addition, the studies often differ in how problems are defined (in terms of 
severity and complexity), and how the data are grouped and presented (raw vs. 
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analyzed data, etc.). A summary and a discussion of the unique aspects of 
each study listed in Table l-l follows. 

The National Bureau of Standards studies summarizing the National Solar 
Heating and Cooling Demonstration Program point out that the data analyzed 
"were never intended to be used exclusively for a reliability program and were 
reported in a different context*' [14]. Failure data for the residential pro- 
grams (studies l-4) came from a computerized data file of "Technical Con- 
cerns"; commercial failure data (studies 5-7) were derived from monthly man- 
agement reports. Problems exhibited prior to system acceptance or completion 
were not reported. 

These studies analyze the reported problems as a function of time from system 
installation. Each problem is rated according to the severity of its impact 
upon system operation (complete shutdown vs. partial shutdown vs. no effect). 
For each study, cumulative system failures are displayed as a function of time 
for the overall system and for four subsystems; namely, collector, transport, 
storage, and controls. 

Studies 8-10 are based upon subsets of data from the National Commercial Solar 
Demonstration Program available at the time of each study. These studies were 
performed by Argonne National Laboratory under the auspices of their Solar 
Data Project Program [37]. Although expressly charged with obtaining and 
evaluating R&M data from the solar demonstration sites, as mentioned above, 
the demonstration program was not specifically geared to easily provide such 
data. The objectives of the program involved obtaining R&M data on solar 
energy systems from the operational solar demonstration sites and identifying 
problems that degraded system performance or caused system failures. Data 
were basically gathered from monthly progress reports issued by the various 
agencies overseeing the operation of the commercial demonstration sites. 

For each of the ANL studies (&lo), faflures are reported as the fractional 
number of problem incidences experienced by a particular type of system (for 
example, water vs. antifreeze vs. air). Types of problems include instances 
of leaks or freezing and problems with collectors or controls. Study 10 pro- 
vides problem incidences and rankings of component failures for 80 solar sys- 
tems. By comparing failure rates over equivalent time periods from year to 
year these studies are thus able to indicate trends in the reliability of var- 
ious types of systems as a function of time and failure mode. 

Study 11 consists of mechanical inspections by a reliability assessment team 
of twelve systems in Colorado during the winter of 1978-79. The dozen systems 
had all been in operation for roughly one year. Problem incidences are 
reported as a function of component type vs. cause of failure (component, 
design, installation, or operation/maintenance). Although the emphasis is on 
controller performance, useful R&M data on a wide variety of components are 
given. 

The purpose of study 12 was to obtain quantitative R&M data from 16 instru- 
mented sites included in the National Solar Data Network (NSDN). Data were 

gathered for a one year period. Collection of data was automated for pumps 
and fans, failures of other components considered (piping, controllers, heat 
exchangers, and automatic valves) were provided by nonautomated means. Esti- 
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mates of reliability are based upon catastrophic failures; 
repairable, or degradation failure s are not considered . 

intermittent, 

Study 13 entails site inspections of 170 systems in the northeastern United 
States. Six teams of qualified personnel comprised a Site Evaluation Program 
(SEP) for the Northeast Solar Energy Center (NESEC). They visited systems 
that had been in service for l-2 years during the winter of 1980-81. Many 
recurrent problems, primarily traceable to poor installation practices, were 
uncovered. Many of the results of this study are phrased in terms of tips or 
guidelines. The frequency with which particular R&M problems occur are given 
for a number of components. 

R&M data for a variety of systems in the southeast United States are reported 
by the Energy Systems Group under contract to DOE 1n study 14. This work was 
conceived and begun under the auspices of the Southern Regional Solar Energy 
Center. Eighty-six sites in Florida averaging 11.4 months of monitoring and 
51 sites in the Southeast exclusive of Florida averaging 7.4 months of moni- 
toring were studied between July 1981 and May 1982. Operational down-times 
are given as a function of system type and component failure. In addition, 
the types of problems experienced by each system are reported. Control and 
leakage problems were found to be the most prevalent. 

A trouble analysis by system type vs. failure mode is presented in study 15. 
One-hundred systems installed in single-family residences owned by customers 
of the New England Electric System (NEES) were surveyed during their first 
year of operation. Although much of this study has a lessons-learned flavor, 
good R&M data are given in the trouble analysis. Also, the time frame (-1976) 
provides a useful glimpse of the state of R&M of various solar systems early 
in the government's involvement with these issues. 

The Public Service Company of New Mexico (PNM) conducted a two-phase solar 
domestic hot water (SDHW) demonstration program between January 1978 and 
December 1982. Although the primary objectives of the program were to deter- 
mine system performance, economics, and load characteristics, service problems 
were available from manufacturer warranty invoices. During Phase I, ten sys- 
tems were chosen and purchased by PNM between May 1978 and May 1981. Nineteen 
owner-selected SDHW systems were installed between August 1979 and July 1980 
during Phase II with some early operational results available from Phase I to 
guide selection. An installation and operational problem matrix is given for 
all systems included in study 16. No improvements were found in installation 
techniques or component reliability between the two phases of the project. 

Study 17 concerns an SDHW demonstration program undertaken by the Long Island 
Lighting Company (LILCO) in 1978. By June 1980 632 systems were installed; 
R&M data are available through December 1982. The LILCO system is a two- 
collector, 120-gal, stone-lined storage tank drainback configuration with an 
internal heat exchanger. The system was selected by LILCO from roughly 150 
considered; systems were sold by LILCO and installed and serviced by contrac- 
tors trained by the utility and the manufacturer. Five-year warranties were 
issued for these systems, which provide the basis for documenting R&M pro- 
blems. Many problems were experienced with these systems early during their 
service lifetimes. In particular, problems with the controller, the storage 
tank, and the tempering valve were common. 

6 
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Study 18, the Memphis 1000 SDHW demonstration project, was initiated by the 
Tennessee Valley Authority (TVA) in August 1978. The system was designed by 
TVA, which also was involved with system installation and inspection. One- 
thousand glycol systems were installed between February 1979 and May 1980. 
Half of the systems employed collectors with selective surfaces; half had non- 
selective surfaces. An 82-gallon solar storage tank and a 120-gallon auxil- 
iary tank were used. Based upon time of installation, some systems used a 
single pump and a tank-mounted internal heat exchanger; others employed two 
pumps and an external counterflow heat exchanger. Failure rates of the vari- 
ous system components are available from service summaries for the 
Memphis 1000 project. 

Experiences of 177 nonsubsidized, decentralized solar energy consumers are 
surveyed in study 19. The data gathered were analyzed according to manufac- 
turer of the system (packaged vs. contractor-made vs. homemade) rather than by 
function type (DHW vs. space heating vs. combined) or by geographic locale 
(New England vs. southwest United States). The frequency of technical mal- 
functions are presented as a function of problem area. Over 50% of the sys- 
tems considered experienced problems in the first three months of operation; 
over 40% experienced problems thereafter. 

The maintenance requirements of 124 HUD-approved SDHW systems installed in the 
northeastern United States between 1978 and 1980 are presented in study 20. 
Good R&M data are given, although this project was primarily intended as a 
performance monitoring task. Maintenance information was supplied by the 
homeowners (who had 5-year system warranties). Each maintenance occurrence is 
tabulated by type (component problem) and by origin (installer, manufacturer, 
other, or unknown). This study indicates that 48% of the sites included 
required no solar-related maintenance. Further, excluding control system 
failures and collector fogging, solar components exhibited roughly the same 
reliability as conventional back-up systems. 

7 
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SECTION 2.0 

COMPARISON OF RELIABILITY OF SOLAR ENERGY SYSTEMS 

As is evident in the "Type of System" column in Table l-l, very little quanti- 
tative data comparing reliability issues of domestic hot water (DHW) vs. space 
heating (SH) vs. space cooling (SC) systems were found in the literature. The 
vast majority of the studies included in this report deal with DHW systems 
only. Studies that contrast various types of systems (for example, study 11) 
contained small data bases (i.e., a small number of systems), making signifi- 
cant conclusions difficult. Other studies that included a large number of 
comparable systems (for example, studies l-7) treat R&M problem incidences on 
an aggregate basis and do not report separate DHW/SH/SC statistics. Thus, 
after a brief comparison of the main functional solar systems, this section 
concentrates on the various types of SDHW systems. 

The emphasis of study 11 is on solar controller reliability. Inspection of 
over a hundred solar installations revealed that nearly 80% of the system 
owners were satisfied with the performance of DHW controllers. Less than 20% 
of those surveyed indicated satisfaction with the SH and SC control units. 
Detailed information on the overall problem incidences of a dozen systems is 
presented and is summarized in Table 2-1. The average number of reported pro- 
blems per type of system was found to be 6.8 for the SH + DHW systems compared 
to 4.0 for the DHW-only systems. Moreover, each category of DHW-only system 
(air, glycol, water) had fewer problems per system than the analogous SH + DHW 
units. Based on the small sample size (12 total ystems), study 11 indicates 
that DHW-only systems are relatively more reliable than combined SH + DHW sys- 
tems. This result is not unexpected because of the increased complexity of SH 
+ DHW systems compared to the DHW-only systems. 

Study 8 indicates that combined SH -t DHW systems are less reliable than SH- 
only systems as well. Again, for a small number of total systems (ll), 
study 8 reports that three instances of freezing occurred out of nine SH + DHW 
systems, whereas neither of the two SH-only systems experienced any freeze- 
related problems. 

The problem incidences associated with the HUD residential National Solar 
Demonstration Program (NSDP) (studies l-4) were further analyzed by Freeborne 
and Mara [38] on the basis of liquid vs. air systems for heating and hot water 
use. It was found (Table 2-2) that 73% of 289 liquid systems experienced pro- 
blems, as opposed to only 48% of 280 air systems. Of the liquid systems that 
reported problems, an average of 3.3 problems per failed system were experi- 
enced; 2.9 problems per failed system were encountered by affected air sys- 

tems. 

Throughout this report a statistical test, known as the normal deviate test, 
is applied to determine the statistical significance between various percent- 
ages of problem incidences. As pointed out in Appendix A, this test is only 
strictly appropriate when a sufficiently large number (over 30) of systems is 
included within a particular comparison category. If all test conditions are 
uniform between one study and another study (for example, studies l-7), then 
the results of these studies can be combined to obtain composite percentages 
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Table 2-l. Reliability Problems Reported by Study 11 

SH and DHW DHW Total 

Air Glycol Water 
Sub- 

Air Glycol Water 
Sub- 

total total 
Air Glycol Water Total 

No. of systems 6 2 0 8 1 2 1 4 7 4 1 12 
No. of problems 

reported 43 11 0 54 4 8 4 16 47 19 4 70 
Average No. of 

problems/system 7.2 5.5 -- 6.8 4.0 4.0 4.0 4.0 6.7 4.8 4.0 5.8 

Table 2-2. Problem Incidences of Liquid vs. Air Systems for Single Family Heating 
and Hot Water Systems [38] 

Problem Incidence8 

System No. of 
No. of Percentage 

Type Systems 
Systems of Systems 

with Problems with Problems 
Collector Transport Storage Controls Total 

Liquid 289 212 73 214 173 150 157 694 

Air 280 134 48 88 163 56 81 388 

TOTAL 569 346 61 302 336 206 238 1082 

mm 
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(based on many aggregated systems) that can be compared by the normal deviate 
test. Unfortunately, the diverse manner in which data were gathered and ana- 
lyzed in the majority of studies included in this report precludes this proce- 
dure. Indeed, the significance of aggregated percentages must be carefully 
considered. For example, consider the following hypothetical case: study A 
is performed with great care and a broad interpretation of what constitutes a 
problem is applied (all types of problems, trivial to catastrophic, are 
recorded); study B is carried out with less care and only major problems are 
tallied. study A finds that 120 of 300 systems of type I and 30 of 50 systems 
of type II experience problems. study B finds that 6 of 60 systems of type I 
and 70 of 350 of type II experience problems. Both studies conclude that sys- 
tem type I is mOre reliable than system type II (40% vs. 60% for study A and 
10% vse 20% for study B). However, based on the combined results, the exact 
opposite conclusion would be made, namely that system II (25%) is more reli- 
able than system I (35%). Although this is an extreme example, care must be 
exercised in drawing useful conclusions from aggregated data. In this report, 
data from different studies are combined in an attempt to discover meaningful 
trends but the normal deviate statistical comparison is not applied between 
unrelated studies. 

For the data presented in Table 2-2, the normal deviate test statistic is com- 
puted to be (Appendix A): 

zO 
= 6.104 > Zc (= 1.96) 

From this it can be concluded with a 95% confidence level that air systems 
were more reliable than liquid systems for residential application during the 
HUD demonstration program. Beyond this, at the subsystem level, the collec- 
tor, storage, and control subsystems of air systems were all more reliable 
then their liquid system counterparts. Only transport subsystem problems were 
statistically indistinguishable between air and liquid systems. 

As previously mentioned, most studies considered for this report deal with 
SDHW systems only. A good discussion of the various SDHW system types (with 
an emphasis on freeze protection strategies) is given in Schiller WI l 

Applicable reliability data are summarized and presented in Table 2-3. For 
each SDHW system type listed data extracted from studies 14-16 included the 
number of systems in each study, the percentage of systems experiencing pro- 
blems, and the average number of problems per system in the study. The totals 
provide an aggregated picture of the relative reliability of these system 
types. Note that draindown has been used to describe both drainback and 
drainout systems. In the studies reviewed and in this report, however, drain- 
down is used in the context of a drainout system. A draindown system isolates 
the storage tank and uses automatic valves to drain the collectors and piping 
whenever a freezing condition is sensed, or optionally, whenever the pump 
stops. The drained water is disposed of and is not reused. In a drainback 
system, the water returns to a drainback tank (whenever the pump stops) from 
which it is recirculated when needed. Recirculation systems pump warm fluid 
from storage through the transport/collector subsystems to prevent freezing. 

Less than a third 
blems. Draindown, 

of 
air, 

the drainback and recirculation systems reported 
oil, and electrically heat-traced systems all had 

pro- 
very 
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Table 2-3. Reliability Problems of Common SDHW System Types 

Study 14 Study 15 Study 16 Total 

SDRW 
System 

Type 

of Percentage 
Average 

No. 
Percentage Average 

No. 
Percentage Average 

No. 
Percentage Average 

No . 
of Systems 

No. of 
of 

of Systems No. of 
of 

of sys- No. 
of 

of Systems No. 
sys- 

with 
Prob- 

sys- 
with Prob- 

sys- 
terns with of Prob- 

sys- 
with of Prob- 

terns 
Problems 

lemsl 
terns 

Prob- lems/ 
System lemsa System 

terns 
Prob- lems/ 
lems System 

terns 
Prob- lems/ 
lems System 

Drainback 22 32 0.36 2 50 1.00 1 0 0.00 25 32 0.40 
Draindown 13 92 1.92 24 88 5.54 2 0 0.00 39 85 4.05 
Recirculation 63 27 0.33 0 -- -- 0 -- -- 63 27 0.33 
Antifreeze 29 14 0.14 48 77 2.19 18 83 1.44 95 59 1.42 
Air 0 - -- 4 75 1.00 2 100 1.50 6 83 1.17 
Oil 0 -- -- 0 -- - 6 83 
Heat-tracedb 

1.33 6 83 1.33 
0 -- -- 22 100 3.68 0 -- L-- 22 100 3.68 

TOTALS 127 30 0.79 100 84 3.25 29 76 1.28 256 57 1.64 

aAssumes top 15 systems + 1 air system were essentially trouble-free. 

bElectric resistive heating provided to piping to prevent freezing. 

ml 



TR-2120 

high incidences of problems. More than 80% of each of these systems sustained 
malfunctions. Antifreeze systems had an intermediate number (59%) of pro- 

blems. 

In terms of the average number of problems sustained per system, drainback and 
recirculation systems fare extremely well (less than one problem for every two 
such systems). Antifreeze, air, and oil systems exhibit an intermediate level 
of problems (1 to 2 problems/system). Heat-traced and draindown systems had 
extremely high occurrences of problems (3.68 and 4.05 problems/system, respec- 
tively). The following additional points can be made: 

0 In study 14, 11 of 12 draindown systems had problems resulting in a 2.6% 
downtime. Although caution was urged in drawing meaningful conclusions 
based on such a small sample size, the high percentage of failures (92%) 
was replicated in study 15 (88%). 

l The top 15 systems examined in study 15 were manufactured by companies 
having the most experience in actual solar installations. Installers 
were also the most experienced with solar installation practices and 
exhibited careful attention to detail and follow-up. Based upon poor 
reliability, the supplier of the heat-traced systems switched to a prod- 
uct line of antifreeze systems. 

o With the exception of antIfreeze systems all problems reported in 
study 16 were attributable to component failures. Half of the antifreeze 
system problems were caused by poor installati.on, and half were caused by 
inferior components. 

Study 19 provided an alternati.ve classification of SDHW systems. Systems were 
grouped according to whether they were packaged, contractor built, or home- 
made. Reliability data for these categories are given in Table 2-4. All 
three system types exhibited high, roughly equal percentages of problem inci- 
dences. Homemade systems had a slightly lower percentage of problem inci- 
dences, which may be because homeowners take greater pride and care in their 
work and also are less willing to report problems. No statistically signifi- 
cant difference (at 95% confidence level) exists between the problem inci- 
dences reported for the three types of systems. The observed normal deviate 

between the packaged and contractor-built systems was Z, = 1.592 < z, (= 
1.96). 

Table 2-4. Reliability Data of Systems Classified in Study 19 

System Type 

Packaged Contractor Built Homemade Total 

No. of systems 60 46 48 154 
Percentage of systems with 

problems 77 78 63 73 
Average No. of problems/system 0.97 1.11 0.77 0.95 
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SECTION 3.0 

RELIABILITY ANIl MAINTAINABILITY OF SOLAR ENERGY SUBSYSTEMS 

The major solar energy subsystems are considered to be collectors, storage, 
transport, and controls. An array of collectors allows primary capture of 
solar energy. Initial accumulation and subsequent time-phased release of col- 
lected energy are provided by the storage subsystem. Delivery of energy from 
the collector to storage or from storage to meet a demand load is provided by 
the t*ansport subsystem. Collection and distribution of energy by the solar 
energy system is accomplished under the supervision of a control subsystem. 
R&M issues of the auxiliary or conventional back-up subsystem are also discus- 
sed in this section. 

3-1 COLLECTOR SUBSYSTEM 

The collector subsystem is defined as consisting of solar collectors and head- 
ers and connectors. A number of collector designs are commonly in use. These 
include air and liquid flat-plates, evacuated tubes, and tracking/ concentrat- 
ing designs. In general, a flat-plate collector will incorporate the follow- 
ing elements: one or two transparent glazings (glass or plastic), an absorber 
(comprised of a substrate material and a selective or nonselective coating), 
insulation, gaskets and seals, and some form of enclosure to hold everything 
together. Evacuated tube collectors consist of an array composed of two con- 
centric glass tubes with the space between them evacuated. Back reflectors 
are typically included. Concentrating collectors are of the linear type 
(i.e., sunlight is focused onto a straight absorber pipe) and achieve concen- 
tration either with a parabolic reflector or a Fresnel lens cover sheet. 
These concentrators require drive and tracking mechanisms to follow the sun. 
Headers and connectors consist of ducts and piping (metal or plastic), inter- 
connections and fittings, insulation, and seals and gaskets. 

3.1.1 Collectors 

3.1.1.1 General Collector Studies 

A summary of the NSDP collector problem incidences is presented in Table 3-l. 
Total collector problems were found to be almost evenly divided between first 
year occurrences and incidences during the remaining lifetime of the studies. 
With the exception of the earliest study (l), the percentage of systems 
reporting collector problems generally decreases with time for both the resi- 
dential and commercial sectors. For the commercial installations, nearly two- 
thirds of all reported problems occurred during the first year of operation, 
whereas there is a more even distribution in the residential studies. The 

majority of problems reported in earlier residential studies (l&2) followed 
the initial year of service; the reverse effect is true for the later studies 
(3&4). This may be because of the longer service lifetime experienced by the 

earlier installations. Details of the various NSDP studies (l-7) follow. 
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Table 3-L Summary of NSDP Collector Problem Incidences 

Study 
No. 

Length of Percentage Total No. Total No. of 
Study Past Total No. of Systems of Systems Collector First Year After First Year 
First Year of Systems Reporting Col- Reporting Col- Problems No. % No. % 
(Months) lector Problems lector Problems Reported 

1 39 110 36 40 75 29 39 46 61 
2 31 246 54 134 124a 24 19 100 81 
3 25 355 19 68 5oa 37 74 13 26 
4 8 212 13 27 38 34 89 4 11 

Residential 
Subtotal 923 29 269 287 124 43 163 57 

5 28 25 52 13 39 22 56 17 44 
6 14 41 32 13 18 11 61 7 39 
7 17 24 25 6 7 7 100 0 0 

Commercial 
Subtotal 90 36 32 64 40 62 24 38 

Total 1013 30 301 351 164 47 187 53 

aIt is believed that for identical systems having the same problem, the problem was only counted once (1 "total problem" 
but multiple "systems reporting problems") so as not to unduly inflate the problem incidences [67]. 
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Figure 3-l is an example of the type of information provided for the various 
subsystems (collectors, transport, storage, and controls) discussed in studies 
l-7 [14]. The abscissa provides the total number of months for which data 
were collected (length of the study). Note that the reported problems have 
been renormalized after the first year of operation to easily allow comparison 
of early vs. late service lifetime failures. Problems are also categorized 
according to level of severity (i.e., no effect, partial shutdown, and total 
shutdown). The frequency and severity of subsystem problems are thus readily 
evident as a function of time from these graphs. This information is also 
conveniently tabulated for each subsystem/study and the total number of sys- 
tems and percentage of systems reporting problems are also presented. The 
overall problem rate (problems/month), as well as the rate as a function of 
problem severity, is available as the slope of these frequency plots. 

Of the subsystems considered, the largest number of problems reported by 
study 1 was associated with collectors. Nearly a third of these problems were 
severe enough to completely shutdown the system. Most problems occurred dur- 
ing the first year and a half of service. Minor collector problems (which 
only partially shut down the system or had no effect on system operation) were 
uniformly distributed in time (Figure 3-l). Thirty-six percent (40 of 
110 systems) of the systems included in this study experienced 75 collector 
problems. 

Study 2 also reported the collector subsystem as having the highest percentage 
of problems compared to other subsystems. Fifty-four percent (134 of 246 sys- 
tems) of the systems in this study reported 124 collector problems. 
(Identical systems having the same problems were only counted as a single pro- 
blem incidence, but all systems affected were tallied in terms of the number 
of systems reporting problems [40]. Thus, 134 affected systems reported 124 
total problems.) The number of collector problems rose dramatically after the 
first twelve months of service; 81% of these problems occurred after the first 
year. Nearly a third of all collector problems were severe enough to cause 
the entire system to shut down. 

Nineteen percent (68 of 355 systems) of the systems in study 3 reported 
50 collector-related problems. This represents a substantial improvement in 
overall problem incidences compared to earlier studies, although the number of 
problems occurring during the first year of operation increased relative to 
the earlier studies. About three-fourths of the collector problems in this 
study were experienced during the first year. Problems tended to be less 
severe, however, with 74% resulting only in partial shutdown of the system. 

In study 4, all of the collector problems either partially or completely shut 
down the system. Eighty-nine percent of all collector problems occurred dur- 

m3 the first twelve months, and these generally shut down the system. 
Thirteen percent of the included systems (27 of 212 systems) reported a total 
of 38 problems. 

The collector was the most problem-plagued subsystem considered in study 5. 
Over half (13 of 25 systems) of the systems in this study reported 39 collec- 
tor problems, an average of three such problems per failed system. Most col- 

lector problems (56%) occurred during the first year of operation. The pro- 

blem rate dropped from two per month during the first year to every two months 
during the final 28 months of monitored service. 
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Figure 3-1. Cumulative Reported Problems--Cycle 1, Collector Problems [14] 
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Although collectors (along with controls) had the greatest number of problems 
reported during study 6, the severity of these troubles was low. Only one 
collector problem totaly shut down a system, and nearly two-thirds of such 
problems had no effect on system operation. Almost a third of the systems (13 
of 41) reported a total of 18 collector problems, with two-thirds of these 
occurring during the first year of service. 

Collector problems reported by study 7 were very mild. None were severe 
enough to completely shut a system down, and none occurred after the first 
year of operation. The problem rate was nearly one problem per failed system 
with 25% of the systems (6 of 24) experiencing problems. 

3.1.1.2 Comparison of Collector Types 

A large number of collector types are available for use in solar energy sys- 
tems. Study No. 10 provides a comparison of four common designs; namely, 
liquid and air flat-plates, tracking/concentrating, and evacuated tube collec- 
tors. Problem incidences of these four types of solar collectors are summar- 
ized in Table 3-2. Note that the small number of systems in each category 
precludes any statistically significant (normal deviate test) comparison 
between these collector types. Two-thirds of the liquid flat-plate collector 
subsystems experienced failures, whereas only slightly more than a third of 
the air collectors reported problems. Half of the tubular collectors were 
affected by malfunctions, although only four such collectors were included in 
the study. Tracking concentrators encountered the greatest percentage of 
failures with nearly 86% (6 of 7) reporting problems. On the basis of the 
average number of problem incidences reported normalized by the number of col- 
lectors considered, a similar ranking is evident. Air, flat-plate collectors 
(0.63) were the most reliable, followed by tubular (0.75), liquid flat-plates 
(1.31), and tracking collectors (3.57). 

Tracking Collectors. The types of problems that typically hamper tracking 
collectors and the frequency of these problems are listed in Table 3-3. Dif- 
ficulties with the tracking motors and their controls were by far the most 
severe disadvantage of such collectors; over half of all tracking collector 
problem incidences were related to motors/controls. In general, failures were 
attributable to improper design of the tracking mechanism. Five of the seven 
collectors required replacement of tracking motors and control circuit boards. 
Minor hardware adjustments were necessary to resolve tracking and alignment 
problems with the remaining systems [20]. 

Skoda and Masters [41] studied only two tracking collector systems. Neither 
had been in service long enough to develop durability/reliability problems 
with materials. The problems that were observed occurred in the control and 
tracking systems. Skoda and Masters also visited two systems using evacuated 
tube collectors. Numerous problems were encountered related to the high tem- 
perature of materials and components during operation and stagnation. The 
problems included leakage, gasket hardening, tube coating discoloration and 
breaking, dirt in filter tubes, dimensional tolerances, manifold insulation 
discoloration, air entrapment, pump cavitation, and operational system control 
problems. 
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Table 3-2. Problem Incidences of 80 DOE-Sponsored Solar Energy Systems [20] 

No. of 
Systems 

Percentage of Average No. of 
Systems Problems/ 
Affected System 

No. of 
Collector 

Manufacturers 

Liquid Flat Plate 61 67.2 1.31 27 
Air Flat Plate 8 37.5 0.60 3 

Tracking 7 85.7 3.57 4 
Evacuated Tube 4 50.0 0.75 3 

Total 80 65.0 1.41 37 



Table 3-3. Problem Occurrences Encountered by Tracking Collectors in 
Study 10 

Problem Area 
Percentage of Total 

No. of Occurrences Reported Problems 
with Tracking Collectors 

Tracking motors/controls 
Tracking alignment 
Reflector degradation 
Tracking rotary joints 

Total 

14 56 
6 24 
3 12 

Evacuated Tube Collectors. A review of evacuated tube collector designs is 
given in Graham [42]. Sixteen evacuated-tube collector installations were 
evaluated by Mather [25] with particular attention given to performance under 
cold, cloudy weather conditions. Four installations had been in operation for 
two winters and five more for a single winter season. The tubular design con- 
sidered was found to successfully withstand hail, wind, snow, and ice without 
failure or damage. Wolosewicz and Vresk [6] suggest that the base failure 
rates of tubular and flat-plate collectors are roughly comparable (23-73 tube 
failures, 10B6/h, vs. 11.4-114 flat-plate failures, 10a6/h). 

Flat-Plate Collectors. Several flat-plate collector designs [44] have been 
built and installed in the field. Study 9 found that 25 of 66 commercial sys- 
tems reviewed (37%) reported 47 collector problems. Of these, 35 problems 
could be divided into five categories; namely, cover plate breakage (9), leaks 

(81, mechanical (7), weather (7) (wind, lightning, etc.), and freezing (4). 
This grouping is shown in Figure 3-2. The dozen remaining problems were 
attributable to such concerns as buckling, condensation, and dust accumulation 
on the glazing. These five main collector problem types were identified as 
resulting from poor design, thermal stress, and stagnation conditions. 

A more detailed breakdown of flat-plate collector problem types is presented 
in Table 3-4. Data from six studies are assessed and combined to provide a 
clearer picture of why collectors failed in these studies. Over five hundred 
total systems reported 228 problems with flat-plate collectors. Twenty-one 
percent of all component problems reported in these studies were collector- 
related. This supports the view expressed in study 10 that "the major cause 
of low reliability of solar energy systems is the high frequency of collector 
failures'* [20]. 

The greatest incidence of flat-plate collector troubles that occurred involved 
leaks (26% of all reported collector subsystem problems), damaged glazings 
(20%), seals and gaskets (15%), and freezing (12%). The relative ranking 
among the more frequently occurring failure modes (outgassing at 8% to leaks 
at 26%) is statistically supported but only marginally (Z. = 1.4-2.2 vs. Z, = 
1.96). Problems with collector elements such as insulation, absorber coat- 

ings 9 and the enclosure box were of relatively minor impact and were not sta- 
tistically significantly different from each other. The combined 
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Figure 3-2. Frequency of Major Reliability Problems with Solar 
Collectors [ 191 

Table 3-4. Types of Flat-Plate Collector Problem Incidence8 

Study Number Totals 

Problem c 10 11 15 16 19 20 No. % 

Freezing/burst pipe 20 
Leaks 9 
Seals/gaskets 18 
Condensation/outgassing 4 
Insulation -- 

Glazing damage 9 
Absorber coating 12 
Buckling 2 
Wind 4 
Design/installation 2 
Other 5 

-- 1 
11 14 
1 -- 

-- -- 

1 1 
1 3 

2 -- 4 27 
-- 21 5 60 
-- 15 -- 34 
-- -- 15 19 
-- -- -- 2 
1 29 3 46 
-- -- -- 12 
-- -- -- 3 
1 -- -- 9 
1 -a 2 9 
-- -- 2 7 

12 
26 
15 
8 
1 

20 
5 
1 
4 
4 
3 

-~~ ~~ 

Total incidences 85 19 23 5 65 31 228 -- 
Total No. of problems reported 332 84 325 44 154 163 1102 -- 
Percentage of reported problems 26 23 7 11 42 19 21 -- 
No. of systems 69 12 100 29 177 124 511 -- 
Average No. of collector 

problems per system 1.23 1.58 0.23 0.17 0.37 0.25 0.45 -- 
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condensation/outgassing problem was somewhat less than reported elsewhere. 
study 13 suggests that 20% of the collectors examined showed evidence of con- 
densation. Outgassing was judged to be a problem in one of every eight 
(12.5%) systems inspected. 

Reliability data on collector mounting failures are also given by study 13. 
Nearly a third (32%) of those roof-mounted systems considered had one or more 
of the following problems: insufficient attachment, contact of dissimiliar 
metals, wood deterioration, roofing leaks, insufficient spanners, bolts 
attached to sheathing only, and inappropriate choice of mounting hardware. 
Nineteen cases (in 170 systems) of inadequate roof support were also found. 

3.1.1.3 Collector Material Problems 

Closely associated with collector subsystem failures are collector material 
problem issues. The nature of R&M problems for materials and components used 
in solar collectors has been well documented in both laboratory research and 
field experiences. However, the frequencies of material failures have not 
been clearly delineated. Thus, considerable information on the kinds of mate- 
rial problems that can occur is available, but how often they actually occur 
is not readily assessable. For example, Skoda and Masters [41] identified an 
extensive number of performance problems for materials and components during 
field inspection visits to 25 active solar system installations. Although 

numerous problems were noted, it was also cautioned that the problems may not 
necessarily adversely affect long-term system performance and that further 
research is needed to document performance over a number of years. Neverthe- 

less, the field survey demonstrated the existence of problems related to dur- 
ability and reliability in each of the major components of one or more solar 
energy systems surveyed. Problems were also *'identified in one or more col- 
lector subsystems with materials used for cover plates, absorptive coatings, 
absorber plates, insulation, seals, enclosures, and structural supports.'* It 
was also noted that *'although some of the observed problems result from 
improper design consideration, most result from inadequate resistance of mate- 
rials to the exposure conditions experienced in the solar systems." 

Other reviews of material-related issues in collector subsystem R&M are avail- 
able [45-471. 

3.1.1.4 Summary of Collector Reliability 

The following general conclusions can be stated regarding the R&M of collector 
subsystems: 

l Collector subsystems have low reliability; 30%-50% of the systems sur- 
veyed have reported collector problems of one kind or another. 

l Tracking collectors are especially failure prone. 

l Problems experienced by flat-plate collectors that need to be further 
addressed include leaks, damaged glazings, seals and gaskets, and freez- 
ing. 
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3.1.2 Headers and Connectors 

The collector array of an active solar energy system is connected to the stor- 
age subsystem via a piping or duct network. The number of connections needed 
between each collector as well as in the main piping loop and the associated 
insulation constitute important R&M concerns. 

Manifold and interconnection problems have long been identified as significant 
reliability issues with solar energy systems [15-19,481. An early Argonne 
Laboratory study (8) found that "collector-to-collector or collector-to- 
manifold connection problems have plagued about 35% of the present generation 
of DOE commercialization sites" [16]. A follow-up study (10) found that 31 of 
80 demonstration sites (39%) were effected by interconnection failure. These 
31 systems experienced 49 problems representing almost 15% of all solar compo- 
nent-related failures. 

Header and connector problems include poor drainage (which can lead to freez- 

ing) 9 leakage, and degraded performance due to improper design/ installation 
-and excessive heat loss. Study 15 points out that the "proper pitch for 
draining and venting [is] frequently neglected in plumbing" [27]. Besides 
improper sloping of lines, inadequate support of pipes is also a problem. 
These can often be interrelated; if a manifold is not properly supported, it 
may deflect under its own weight, thereby counteracting any design-specified 
slope [16]. These problems are especially acute for nonmetallic piping. For 
example, of eight systems considered in study 13 that used chlorinated poly- 
vinyl chloride (CPVC) pipes in the solar loop, 7 exhibited unacceptable dis- 
tortion and waviness. This study also found that 20% of all systems had col- 
lectors that were undrainable. An e~~,al percentage had piping that failed to 
meet pipe hanging standards. 

Interconnection leaks can be caused by a number of factors such as hose mate- 
rial incompatability, hose clamp malfunction, movement caused by thermal 
expansion and compression, and interconnection design. Rubber hose materials 
must have good ultraviolet (UV) and thermal stability and be able to withstand 
compression set problems associated with poor clamp arrangements. An alter- 
native to rubber is metallic hose material. Although more expensive and 
requiring greater design effort in terms of flexibflity and thermal expansion 
considerations, it is generally more reliable. Metallic hose material has an 
estimated service lifetime of 20 years vs. 5-7 years for premium rubber 
hose [16]. 

Figure 3-3 presents the incidences of interconnection problems detected over 
two time periods comprising study 9. The percentage of systems experiencing 
interconnection problems dropped in half between these two sample sets. 
However, based on the normal deviate statistical comparison, the difference 
between the two percentages is marginally significant at best (Z. = 1.968 vs. 

zc = 1.96). Problem incidences reported by other studies are given in 
Table 3-5. Note that the high incidence of failure experienced in study 11 
was based on only a dozen systems. Excluding this study, general agreement is 
found; interconnection problems occur in roughly lo%-30% of the systems stud- 
ied. 
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Collector manifold leaks can generally be ascribed to improper installation 
techniques. Of seven problems experienced during study 11, five were attri- 
buted to installation and one each to design and component failure. Study 20 

assigned 40 of 41 solar loop leakage problems to installation errors. 
Finally, although solar loop leaks are not categorized separately from fluid 
passage problems, study 12 found the generic component of piping to be the 
second most failure-prone solar element and noted that "most leaks were due to 
poor design of connections to collector headers or poor installation of col- 
lector piping" [23]. 

Examples of degraded performance because of interconnection problems are given 
in study 13. It was found that 17% of the systems were piped in a direct 
return fashion (both the supply and return piping attach at the same end of 
the collector array). This can increase the likelihood of nonuniform flow in 
the collector array with subsequent loss in thermal performance. 

Interconnection insulation problems (and resulting heat loss) were also dis- 
cussed in study 13. Such problems were attributed to inadequate insulating 
capability (R-value too low), improper sealing of insulation (and degradation 
due to moisture), and DV degradation. Sixty percent of the systems used elas- 
tomer insulation. In almost all cases, UV degradation of this material was 
observed. Further, R-values (at installation) were generally half of the 
recommended levels. Drastic deterioration of paint- sealed insulation was 
also evident. 

Problem incidences 

through June 1978 

cl 
Problem incidences 

from July 1978 

through April 1979 

Hose-clamp Material Workmanship 

4 - 

- 
Thermal 

leakage incompatibility expansion 

Figure 3-3. Frequency of Interconnection Problems for Solar Heating and 
Cooling Systems. 15 of 40 systems (37.5%) experienced prob- 
lems through June 1978; 13 of 60 systems (19.7%) experienced 

problems between July 1978 and April 1979 [19]. 
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Table 3-5. Interconnection Problem 
Incidence8 Reported by 
Selected R&H Studies 

Study 
No. of Average No. 

No. 
Systems in of Problems/ 

Study System 

11 12 0.58 
15 100 0.09 
16 29 0.21 
19 177 0.18 
20 124 0.33 

3.2 STORAGE SUBSYSTEM 

Because of the mismatch between 
available solar energy and load 
demand, short term storage is 
usually required in solar systems. 
In a liquid system this is typically 
a hot water tank; air systems 
usually use a bin filled with rocks. 
Either system can also incorporate a 
high latent-heat phase-change mate- 
rial (for example, salt hydrates) to 
minimize the physical dimensions of 
the storage unit. 

3.2-l Storage Overview 

A recent R&M study asserts that: 

Before solar energy system reliability can be accurately deter- 
mined, reliability data must be compiled on dampers, storage con- 
tainers, air vents, and check valves. . .Of the components listed, 
perhaps the most critical for solar energy systems is liquid stor- 
age, due to the long-term corrosion potential. [23] 

Available R&M data on storage units tend to be either aggregated data (no 
details are given about the variety of storage subsystems studied; hundreds of 
dissimilar subsystems are generically categorized as storage) or very specific 
(600-1000 systems that all use the identical storage subsystem). The former 
is characterized by the National Solar Demonstration Program data; the latter 
is particularly true of several of the utility demonstration programs. 

An evaluation of storage system R&M data for the residential section of the 
NSDP is given in studies l-4 (Table 3-6) Eighteen percent of 110 systems 
reported storage problems in study 1. Roughly one-third of the problems were 
experienced during the first year of operation; two-thirds occurred in the 
following 3-t years. The severity of reported problems varied with time. 
Those problems reported during the first year generally all shut down the sys- 
tem; thereafter, problems only partially shut down the system. Storage pre- 
sented the fewest number of problems compared to the other subsystems (collec- 
tors, transport, and controls) considered in this study. This was also true 
for studies 2 and 4. 

Study 2 reported 25% of 246 residential systems experienced storage-related 
failures. The number of problems drastically increased following the first 
year of operation of these systems. 

In study 3 storage subsystems were second only to transport in the number of 
problems reported. Twenty-six percent of 355 systems experienced storage pro- 
blems. Roughly half of those failures during the first year of service were 
severe enough to shut down the entire system. After the first twelve months, 
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of the storage subsystem problems completely shut 

It was analogous to those in studies 1 and 4. 
down the system. This 

Only 3% of 212 systems reported storage subsystem problems in study 4. It was 
unclear whether this low failure rate was due to lessons learned during pre- 
vious studies (l-3), or whether the relatively short time frame of this study 
did not provide an adequate environmental exposure duration for additional 
problems to occur. 

Storage problems encountered during the commercial part of the NSDF are 
reported in studies 5-7 (Table 3-6). As with the residential systems, study 5 
found that storage was the most reliable of the subsystems considered, 
Twenty percent of 25 systems experienced storage problems. However, the 
severity of these problems was small, and they had little effect on the sys- 
tems. 

Half of the storage subsystem problems reported during the first year of ser- 
vice of 41 systems included in study 5 had the effect of sfrutting down the 
system. No storage problems experienced after this time (for the remaining 
14 months of the study) had any adverse cffccts upon system operation. Pos- 
sible explanations of this time-dependent behavior are similar to those given 
in study 4. Twenty-two percent of the systems In study 6 experienced storage 
problems. 

The single problem reported in study 7, which was severe enough to shut down a 
system was rr storage failure. Thirteen percent of the 24 systems included in 
this study experienced storage problems of some kind. 

Study LO, which also eval.uated commercial. NSDP systems, reports similar 
results to those given in studies 5-7. Twenty-three percent of 80 systems 
considered experienced storage container failures. This represented 5.4% of 
all reported problems* 

Six storage-related problem incidences were reported for the 12 systems 
included in study 11. These ranged from three leaks to single instances of 
excessive pressure drop, excessive heat loss or freezing, and overheating or 
boiling. Al.1 of these problems were attributed to either design or installa- 
tion errors. General guidekines for thermal storage design and instatiation 
are given in Cole et al. [73* Baylin [49] presents a review of Pow- 
temperature thermal storage. 

3.2.2 Tauks and Container Units 

Solar storage units are typically constructed from steel, concrete, wood, or 
plastic (for example, polyethylene or fiberglass reinforced polyester). 
Lining materials include glass and stone to retard corrosion and polymers 
(e.g. polyethylene or polyvinyl chloride) to provide a water barrier. Test 
methods and results for polymeric containment materials are presented in Clark 
et al. [50]. Relative mean service lifetimes are estimated in Goldberg [Sl] 
as: 11 years for glass-lined tanks; nine years for stone-lined tanks; and 
30 years for galvanized steel passivated by carbonate deposits. 
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None of the 120-gal, stone-lined tanks installed during the first year (1979) 
of the LILCO project (study 17) experienced failures; however, 47 tanks 
installed in 1980 suffered leaks. Most were attributed to defective welds 
during manufacture [30]. During 1982, 14 solar storage tanks reported fail- 
ures [31]. LTLCO also reports problems with rust originating in their steel 
drainback tanks [32]. The rust caused failure of the circulating pump in the 
solar loop. This problem has apparently been solved by using a nontoxic rust 
inhibitor. Only a single drainback tank had to be replaced during 1982. 

TVA reports a similar occurrence of failures (8.8%) for their storage 
tanks [33]. A large number of potable water expansion tank failures (4%) was 
also experienced. The problem was that these tanks, rated at 100 psi, were 
supplied with pressure/temperature relief valves rated at 150 psi. Overpres- 
sure can then cause the destruction of a butyl rubber diaphragm in the tank, 
causing the air side of the tank to fill with water. The resulting rusting of 
the uncoated steel on the air side led to burst failures. A 2.3% replacement 
of solar expansion tanks was also reported [33]. 

Adequate insulation of thermal storage units must be assured. A useful survey 
of insulation materials is given in Versar, Inc. [52]. HUD standards require 
a minimum of R-11 insulation for solar storage tanks [53]. Of 159 cases con- 
sidered in study 13, 70% failed to meet this standard. 

3.2.3 Storage Media 

Reported failure incidences vary for different types of storage subsystems 
(liquid vs. air vs. phase change material). Of 100 systems included in 
study 15, the four air systems showed no storage problems. This is in con- 
trast to the claim that air system storage container leakage was found to be a 
significant problem in study 11 [22]. Four problems (8%) were reported out of 
48 antifreeze systems (two leaks and two temperature control relay faults). 
Out of 24 draindown systems, one leaked, while two drainback systems had no 
storage problems. 

Similar results were found for the glycol systems in study 16. Two of the 
18 antifreeze systems (11%) experienced water leaks from the solar storage 
tank. 

Slightly improved reliability is suggested by studies 19 and 20. Ten of 
154 systems (6%) and three of 124 systems (2%) had storage tank fluid leaks. 

The frequency of problems with rock bin storage units used in air systems is 
not separately discussed by any of the R&M studies included in this report. 
The most common problems reported with this type of storage media based on 
field experiences are leakage and short-circuiting of the air path (flow above 
rather than through the rocks) due to poor installation or design [8]. Other 
problems include high parasitic losses due to excessive pressure drops through 
the rocks, and mold/fungus formation or dust deposits on the rock surfaces 
with resulting degradation in heat transfer properties. 

None of the studies listed in Table l-l reported any R&M data for phase change 
material (PCM) storage subsystems. A general discussion of PCM service life- 
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times is given in an NBS document [54] and an overview of phase change mate- 
rials and their application is presented in Eisenbert and Wyman [55]. 

3.2.4 Beat Exchangers 

Heat exchangers are often used between liquid solar collector loops and the 
storage tank in order to allow the use of a nonfreezing, low vapor pressure, 
and noncorrosive fluid in the collectors while inexpensive water can be used 
in the storage tank. In air systems an air-to-water heat exchanger is 
employed to heat domestic hot water. These heat exchangers are normally con- 
ventional off-the-shelf components used in a nonconventional (solar) mode. 

A variety of problems have been reported with solar system heat exchangers. 
In an early study (lo), 10% of 80 systems experienced failed heat exchangers. 
More recent data were more promising. Study 12 found a mean time between 
failures (MTBF) of 16.1 years for heat exchangers. The primary failure modes 
were freezing and corrosion [23]. 

An 11.4% failure rate for heat exchangers was found in study 18. Study 19 
reported that 9% of the heat exchangers in the 154 systems in service had pro- 
blems. Four heat exchangers out of 124 systems in study 20 experienced fail- 
ure due to freezing. Of the six systems that used oil as the transport fluid 
in the PNM study (16), four reported leaks in the heat exchanger. PNM also 
reported that one of two air-to-water heat exchangers froze during two years 
of operation. The problem incidences reported for heat exchangers are tabu- 
lated and discussed further i.n Section 4.0 of this report. Metz and 
Orloski [56] present a review of heat exchangers used with SDHW systems. 

3.2.5 Storage Subsystem Summary Assessment 

Storage subsystem problems tend to be nonsevere, especially after systems have 
been "broken in" under warranty and infant mortality effects have surfaced and 
been corrected. The impact on system operation appears to be minimal, espe- 
cially after the first year of service. Failure incidences are low for stor- 
age-related problems relative to other subsystems. Furthermore, failures tend 
to be tied to design, manufacture, and installation rather than inherent to 
the subsystem or to materials of construction. Proper attention paid to pre- 
vious field experience and guidelines [5-81 should result in very reliable 
storage subsystems. 

3.3 TRANSPORT SUBSYSTEM 

3.3.1 Overview of Transport Subsystem Reliability 

For purposes of this report, the energy transport subsystem of a solar energy 
unit is considered to include the following elements: (1) a heat transfer 
fluid that carries heat away from the collector subsystem for transfer to the 
storage subsystem; (2) fluid channels through which the transport fluid is 
constrained to pass, typically piping or ducting; (3) a means of fluid move- 
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ment, usually pumps or fans; and, finally, (4) a means for controlling and 
directing fluid flow; e.g. using dampers (air systems) or valves (liquid sys- 
tems). Related problems that can occur with these components include leaks, 
freezing, corrosion, excessive heat loss, or hardware failures (e.g. burned- 
out pump motors or faulty valves). In addition, a wide range of design and 
installation problems are possible (such as failure to specify adequate pipe 
insulation in the design or installation of a valve backwards). 

One of the primary causes of failure of the transport distribution system is 
corrosion of metallic elements. Corrosion problems experienced by the resi- 
dential sector of NSDP (studies l-4) are documented in a BE&C Engineers, Inc., 
report [57]. Components such as piping, pumps, valves, and fittings, which 
have been used in the plumbing and heating industry for years without evidence 
of significant corrosion-related problems, failed much more frequently than 
expected when used in typical solar systems. This is true because solar 
installations are inherently different from domestic plumbing or heating 
installations. Some of the important differences relating to corrosion 
include [57]: 

e Large amounts of dissolved oxygen are present in the heat transfer fluids 
used in most solar systems, especially open systems. The presence of 
oxygen allows galvanic corrosion to proceed. 

l The use of components constructed from dissimilar metals in the same sys- 
tem in studies 1-4 was highly prevalent, thus providing the base materi- 
als for galvanic corrosion to occur. As expected, the severity of corro- 
sion was found to be inversely proportional to the amount of ferrous 
material used relative to nonferrous components. This is true due to the 
dependence of galvanic corrosion upon the ratio of the anodic (ferrous) 
area to the cathodic (e.g., copper) area. 

a Flow through most portions of a solar system is recirculating rather than 
once-through as in most domestic plumbing installations. If copper is 
present, this allows the build-up of a high copper ion concentration in 
the transfer fluid. Such ions are then readily deposited on more anodic 
metallic surfaces resulting in pitting. 

l Although closed systems in general are less corrosion-prone than open 
systems, they are not totally immune. However, damage in closed systems 
in most cases was found to be due to improper maintenance of the heat 
transfer fluid and not because of improper design or installation. 

l Elevated temperatures encountered in solar systems tend to support and 
accelerate some forms of corrosion. (Under stagnant conditions, collec- 
tor temperatures in excess of 200°C can be attained.) Such temperature 
excursions can degrade the various glycol-based compounds commonly used 
for freeze protection in collector loops. When not properly maintained, 
the resulting acidic solution will aggressively attack metallic compo- 
nents. 

A summary of transport-related problems experienced by NSDP is presented in 
Table 3-7. The findings of these projects are discussed below in greater 
detail. 
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Table 3-7. Summary of NSDP Transport Problem Incidences 

Study 
No. 

Length of Percentage of Total No. Total No. 
Study Past Total No. Systems of Systems Transport First Year After First Year 

First Year of Systems Reporting Reporting Trans- Problems No. (X) No. (%I 
(months) Transport Problems port Problems Reported 

w 
0 

1 39 110 27 30 48 16 33 32 67 
2 31 246 40 98 113 44 39 69 61 
3 25 355 40 141 154 100 65 54 35 
4 8 212 13 28 57 52 91 5 9 

Residential 
Subtotal 923 32 297 372 212 57 160 43 

5 
6 
7 

Commercial 
Subtotal 

28 25 44 11 13 8 62 5 38 
14 41 15 6 6 4 67 2 33 
17 24 0 0 0 0 0 0 0 

90 19 17 19 12 63 7 37 

Total 1013 31 314 391 224 57 163 43 
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Study 1 reported 27% of 110 systems experienced a total of 48 transport pro- 
blems. A third of these problems occurred during the first year of system 
operation; two thirds occurred during the subsequent 3-l/4 years of the study. 
Problems following the fi.rst year were generally more severe, However, the 
percentage totally shutting down the system increased from 29% to 71% from the 
first year to the balance of the study. 

In study 2, the transport problem incidences increased after the first year of 
service, but the frequency was lower than for the other subsystems considered 
(collectors, storage, and controls). Forty percent of 246 systems experienced 
113 transport problems. Roughly half of all transport problems did not effect 
system operation. The transport subsystem exhfbited the highest number of 
problems on a percentage basis of any of the subsystems considered in study 2. 
More problems completely shut down the systems during the first year than dur- 
ing the final 2-t years of the study. The transport failure rate was the same 
as that of the second study; namely, 40% of 355 systems experienced 154 pro- 
blems. The trend of an increased rate of overall problems after the first 
year was reversed with this study. Roughly two-thirds of all transport pro- 
blems were reported during the first year; a third were reported thereafter. 

Although transport and collectors had by far the highest percentage of prob- 
lems in study 3 compared to the other subsystems, the problem rate of 13% was 
drastically lower than the previous three studies. Additionally, 91% of all 
transport problems during this study occurred during the first year of opera- 
tion. 

As with the residential NSDP, the transport failure rate dropped considerably 
wLth each successive commercial NSDP system study. In study 5 almost half 
(44%) of the 25 commercial systems experienced transport problems. Two-thirds 
of all. problems occurred during the first year, and the percentage of trans- 
port problems totally shuttfng down the system decreased from 80% to 20% ‘from 
the first year of operation to the next 2-l/3 years of the study. 

None of the systems experienced more than a single transport problem during 
study 6. The failure rate decreased to 25% of 41 systems. All transport pro- 
blems reported during the first year of servi.ce completely shut down the sys- 
tem, Furthermore, the only subsystem problem severe enough to completely shut 
down a system following the first year of operation was a transport problem. 

No transport problems were experienced during the 2-l/4 years of study 7. 

In general, during the NSDP, early studies (Table 3-7) reported relatively 
high inci.dences of transport subsystem problems (40X-45%). These occurrences 
decreased drastically with time (to O-15%). This dramatic effect could be 
attributable to improvements in component hardware or to increased awareness 
of field experiences on the part of designers and installers. 

3.3.2 Heat Transfer Fluids 

Heat transfer fluids commonly in use in active solar energy systems include 
air, water, antifreeze solutions (typically either ethylene or propylene gly- 
col), oils, and silicones. A breakdown of the frequency of use of these and 
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other fluids in the field is presented in Figure 3-4 [ 581. Desirable proper- 
ties of such fluids include low viscosity throughout the range of working tem- 
peratures (to minimize parasitic power losses associated with moving the 
fluid), low freezing temperature (for freeze protection), high boiling temper- 
ature (to prevent excessive pressure build-up at elevated temperatures), com- 
patibility with the other components of the system (good corrosion resis- 
tance), low toxicity, high surface tension (to minimize leakage problems), and 
low cost. Other desirable properties are ease of detecting leaks (air and 
refrigerant leaks are very difficult to detect), low scaling potential, good 
chemical and thermal stability, high specific heat, and ease of handling. 
Overviews of heat transfer fluids are given in Avery and Krall [58-601 and 
Sullivan [61]. References 62-66 detail research efforts that have investi- 
gated heat transfer fluid problems. 

A major potential problem attributable to heat transfer fluids is failure to 
provide adequate freeze protection. Studies 8 and 9 discuss the instances of 
freezing as a function of the three most common heat transfer fluid systems: 
air, water, and antifreeze solution. Figure 3-5 gives the percentage of sys- 
tems experiencing freezing problems as a function of system type for two con- 
secutive winter seasons. From these studies it is apparent that the reliabil- 
ity of freeze protection afforded by water systems is low, although a decrease 
in freezing failure rates for water systems was noted from one winter to the 
next. In fact, water systems were seen to provide greater freeze protection 
during the second year of this study. The primary mode of freeze-related 
failures in air systems was thermosiphoning of cold air back to an air-to- 
water heat exchanger due to leakage of a back-draft damper. Whereas leakage _ 
rates of 5%-30% are acceptable for typical HVAC applications, documented 
freezing occurs in DRW solar systems when back-draft damper leakage flowrates 
approach 15% [21,22]. 

Water 
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Ethylene glycol/water 

Petroleum-based aliphatic hydrocarbons 

Synthetic aliphatic hydrocarbons 

Aromatic hydrocarbons 
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Figure 3-4. Currently Used Heat Transfer Fluids Based on Chemical T'ype [58] 
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Figure 3-5. Frequency of Freeze-Related Problems for Three Types of Solar 
Energy Systems [17]. The height of each bar indicates the total 
number of systems in each category. Numbers in parentheses are 
the percentage of systems experiencing freeze problems. 

It is noteworthy that a significant number of antifreeze systems did not pro- 
vide adequate freeze protection. However, the damage resulting from such 
failures is less costly than freezing failures of water systems. The primary 
failure mechanism of antifreeze systems is also thermosiphoning of glycol 
solution between cold collectors and a warm heat exchanger, causing freezing 
of the water side of the heat exchanger. 

Another potential problem with antifreeze systems is the loss of freeze pro- 
tection. This can happen, for example, by dilution of the antifreeze concen- 
tration during initial installation or by automatic fluid make-up with plain 
water. Additionally, degradation of freeze protection properties can be 
caused by the working environment. Although study 15 found that only 2% of 48 
antifreeze systems had an antifreeze solution that was too weak, 34% of 128 
antifreeze systems in study 13 exhib-lted inadequate freeze protection charge, 
No data concerning the actual number of freeze-related failures attributable 
to an inadequate antifreeze concentration level are available from these stud- 
ies. A number of approaches to preventing freezing for a variety of heat 
transfer fluids are discussed in Schiller [39], Santor [67], and Kimball 1681. 

Heat transfer fluids have the potential to cause corrosion of other system 
components. Fluids that normally afford good corrosion protection (e.g. gly- 
co1 solutions) can degrade during service conditions and initiate chemical 
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attack of pipes, collectors, heat exchangers, etc. Study 18 reports that 
overheating of collectors with selective absorbers caused propylene glycol to 
become acidic. This was identified as a major problem with the Memphis 1000 
study during the summer of 1979. Thirty-nine percent of the propylene glycol 
systems in study 13 that had upper temperature limit shut-off control strate- 
gies (which allowed collector stagnation) were found to have acidic heat 
transfer fluids (pH < 6.5). 

Corrosion products in the fluid can also have adverse effects upon other com- 
ponents. Study 17 reported that rust and other water impurities caused check 
valves and ci.rculating pumps to fail. 

Other heat transfer fluids may also degrade and promote corrosion. All four 
systems that used glycerin as the working fluid in study 13 exhibited low pH 
levels. 

A main drawback of silicone as a heat transfer fluid is its tendency to leak 
due to its very low surface tension [61]. Six out of seven systems in 
study 13 that used sillcone fluids experienced leaks* Four out of six oil- 

charged systems in study 16 also exhibited evidence of leakage. 

In summary, although no single heat transfer fluid exhibits all of the desir- 
able properties, most are capable of functioning properly if their limitations 
are recognized and taken into consideration during system design, installa- 
tion, and operation. 

3.3.3 Fluid Passageways 

Fluid passageways provide the means for allowing the heat transfer fluid to 
circulate between the collector subsystem and the storage subsystem. This 
refers to duct work for air systems and piping for liquid systems. Study 12 
found piping to be the second most failure-prone component of solar collection 
systems (after controls). A failure rate of O.l2/yr (MTBF of 8.3 yr) was 
reported, which is more than three times greater than previously published [5] 
rates based on other nonsolar mechanical systems. Based on this finding and 
the correlation between piping failures and leaks, study 12 recommended that 
"more study should be directed to the area of leakage" [23]. 

Study 14 also found leaks to be the second most prevalent problem encountered 
(after controllers). Of the systems considered, 7.3% leaked from causes other 
than freezing. A similar failure rate (6.6%) was revealed by study 18. 

The vast majority of the piping problems experienced in the field have been 
attributed to improper installation. Roughly a third of the systems included 
in study 20 experienced leakage problems, and 98% were traceable to poor 
installation. Other problems with pipes reported in this study were 
inadequate/improper pipe insulation (2.4%) and frozen pipes (1.6%). These 
were also installation-related mishaps. Of 18 piping/ducting problems found 
with the 12 systems documented in study 11, all were again assigned to 
installation. Problems (and the number of occurrences) included leaks (6), 
poor insulation (S), improper sizing (2), noise (l), freezing (l), excessive 
heat loss (l), installation quality (11, and aesthetics (1). Finally, 
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study 15 suggests the same conclusion. Leaks (21), improper pitch of piping 
in draindown systems (15), and insulation problems (82) were all generally 
regarded as manifestations of faulty installation. 

Thus, many problems with fluid passageways have been documented. Conse- 
quently, attention has been called to this component as an important reliabil- 
ity issue deserving further consideration. On the other hand, strong evidence 
suggests that most fluid channel failures can be eliminated by improved 
installation practices. 

3.3.4 Fluid Movement 

The driving force for fluid circulation in solar energy systems is typically 
provided by fans for air movement and pumps (usually centrifugal) for liquid 
flow. Air handlers have been generally reliable components, although malfunc- 
tions have been reported. Study 15 relates a problem with excessive noise in 
the four air systems studied. Motor burnout occurred with three blowers in 
seven air systems included in study 11. However, two of these failures 
derived from poor design specification of a low-temperature class A motor 
where a high temperature fan motor was required. Only one air handler problem 
was reported for the eight systems in study 10. 

Pump problems exhibit an interesting correlation between the frequency of pro- 
blems encountered and the time during which the studies were conducted. 
Table 3-8 lists the relevant studies chronologically and provides the percent- 
age of pump failures. The trend of the percentage of system reporting pump 
failures with time 1s clearly evident. As can be seen, early studies indicate 
hi.gh percentages of failures (20%-35%), whereas later studies show much higher 
reliability. The increase between 1975 and 1978 is not believed to be due to 
an increase in problem incidences during this period but rather to a refine- 
ment in problem detection and reporting techniques. Possible explanations for 
the decrease in pump problem incidences after 1978 include improved hardware, 
improved installation practices based upon increased awareness of field exper- 
iences, and a change in the definition of "problems" to only include component 
(hardware) failures. 

Similiar conclusions can be drawn on the basis of the percentage of systems 
reporting pump problems per year (normalized by the number of years for each 
study). The higher problem rates found in studies 15 and 11 in Table 3-8 are 
both for one-year studies in which the nature of infant mortality could be 
expected to bias these results. 

Further discussion of pump-related results are as follows: 

l In study 19, air fans were included in the reported pump problem cate- 

gory l Fluid movement was rated as the second highest problem area (after 
controls) of 177 systems surveyed. 

a If installation and noise problems are eliminated from consideration in 
study 15, only 14% of the systems experienced pump failures. Further- 
more, six out of seven instances of overheated pumps occurred with heat- 
traced collector systems. These systems were retrofitted with antifreeze 
solutions at the manufacturer's recommendation. Exclusion of these pro- 
blems results in an 8% problem percentage for this study. 
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Table 3-8. Chronology of Pump Problem Rates 

Study 
Percentage of Systems 

Dates of Study 
Percentage of Systems 

No. Reporting Pump Problems 
Reporting Pump Problems/ 

Year 

19 
15 
10 
11 
20 
17 
18 
14 

1973-78 
1975-76 
1976-80 
1978-79 
1978-80 
1978-82 
1979-82 
1981-82 

21.0 , 4.2 
23.0 23.0 
35.0 8.8 
33.0 33.0 
11.3 5.7 
5.4 1.4 
4.4 1.5 
1.5 1.5 

l The problem incidence percentage given by study 10 was based on a total 
of 80 systems. This translates to 39% of the nonair systems that 
experienced pump problems. Details of the severity of pump problems were 
not given. 

l As with study 19, study 11 also included fans in the reported pump fail- 
ures. Two-thirds (6) of the pump problems were component-related 
although two of these included such designations as "noise" and "service- 
ability." 

l The majority of the pump problems associated with study 20 (11 of 14) 
were component/manufacturer-related. Problems included air entrapment, 
jammings, worn impellers, casing leaks, and overheating. 

l Thirty-four circulating pumps were replaced in study 17 by December 1980; 
failures were due to low voltage controller output problems and were not 
directly related to pump component hardware. The pump problem incidence 

rate was 0.3% during 1982 [31]. 

l Both of the pump failures reported by study 14 occurred in recirculation 
systems. 

A recent instrumented study (12) found the failure rate for pumps to be quite 
low. The estimated failure rate was 0.07 failures/year/pump, corresponding to 
an MTBF of 39.1 years. This agrees well with an earlier estimate of a 30-year 
service lifetime for pumps [51]. 

3.3.5 Fluid Control Hardware 

Fluid control hardware includes vents and dampers for air systems and vents 
and valves for liquid systems. These components serve to direct flow, provide 
pressure, vacuum, and temperature protection, permit proper draining, and (in 
hot water systems) allow mixing of heated water with the inlet cold water sup- 
ply to satisfy load demands. In study 10, 50% (4 of 8) of the air systems 
experienced problems with dampers; 26% (19 of 72) of the liquid systems 
reported valve problems. Another study (20) found an 8.9% combined percentage 
of systems experiencing problem incidences for valves and dampers. 
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Valves and dampers can be further classified according to the function they 
perform. Such a breakdown by study is given in Table 3-9. Problem incidence 
percentages range from low (2.5%-3X) for tempering valves to intermediate 
(18.5%) for backflow preventers. The relatively high problem frequencies 
reported by study 13 were all design/installation related in which specified 
components were omitted. The highest occurrence of problems in both 
studies 11 and 15 were those associated with omission of vents and valves. 
These were generally traceable to design and installation errors. Study 20 
did find a large percentage of manufacture-related problems, although the 
overall incidence of fluid control hardware problems was less than 7% of the 
total maintenance required by solar components. 

Automatic powered valves (e.g., those used in drafndown systems) were found to 
be very reliable by study 12. A failure rate of 0.07 failure/year (MTBF of 
13.6 years) was determined. This was in contrast to the high failure rate of 
draindown valves reported by study 14 in which 13 systems experienced nine 
draindown valve failures in a year. Recent laboratory testing at SERI tends 
to support the latter study [69]. 

With the exception of the need for high quality back-draft dampers to prevent 
heat exchanger freezing in air systems, fluid control hardware is evidently 
fairly reliable. As with other transport subsystem components, the majority 
of problems appear to be preventable by proper design and installation prac- 
tices. The reliability of draindown valves should be further investigated. 

3.4 CONTROLS SUBSYSTEM 

High failure rates with controls subsystem components have been frequently 
experienced in the solar industry since its inception 130,361. Part of the 
reason for this is the inherent complexity of solar energy systems. Complica- 
tions arise because the various modes of operation depend upon time-varying 
insolation rates and sporadic demands by the storage and collector subsystem. 
Additionally, control decisions must be made on the basis of small temperature 
differences. Finally, solar system control must be interfaced with the con- 
trol strategies of the conventional/auxiliary heating and cooling systems 

PI l 

Controller components considered in this section include the control hardware 
unit (controller), control strategy, sensor leads, and temperature sensors. 
Control valves were discussed in Section 3.3.5. Causes of control failures 
include design, specification, and installation of the controller; set point 
selection and logic, specification, calibration, installation and location 
(placement) of the sensors, thermal degradation of the sensors, and environ- 
mental effects on the controller. Potential harmful effects of control fail- 
ures include freezing [15,16,36], high temperature degradation of trans-port 
fluids 1331, damage of other components such as collectors or pumps [30], 
degradation in performance by loss of collectable energy, unnecessary use of 
auxiliary energy [70], excessive thermal losses, uneconomical pump operation, 
and thermal degradation of the storage tank, pump, and other components from 
excessive thermal excursions. 
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3.4.1 Overview of Control Problems 

Table 3-10 presents problem incidences for the non-NSDP studies that have only 
a general classification of control problems. As can be seen, fairly high 
frequencies of control problems are reported. More than one out of every two 
systems experienced control problems in study 10, representing 26% of all 
solar system failures reported. The PNM study (16) sited faulty controllers 
and temperature sensors as the most frequently reported problem. This was 
also the case with study 19. The main conclusion drawn by study 20 was that 
"solar control systems are the weakest link in an SDW system. More durable 
control systems than those in use in the late 1970s are needed" [36]. In this 
study, the percentage of solar-related problems due to controls was the same 
as that reported by study 10. Fifty-nine percent of control failures were 
attributed to component design and/or assembly mistakes during manufacture. 

Control problems were also prevalent during both the residential and the com- 
mercial parts of the NSDP. Table 3-11 summarizes these general findings. All 
control problems reported by study 1 affected system operation. (Roughly half 
partially shut down the system and half completely shut down the system.) The 
more severe problems (total shutdown) were uniformly distributed throughout 
the study, whereas the minor occurrences did not arise until after two years 
of service. Most systems that reported control problems experienced only a 
single malfunction. (23 systems reported 25 problems.) 

Study 2 exhibited the highest incidence of problems of the residential NSDP 
cycles. Ninety-three systems (38%) reported 118 instances of control pro- 
blems. The majority (81%) of those problems that totally shut down the system 
occurred after the first year and a half of operation. 

Controls were the most reliable of the subsystems considered in study 3. Each 
system that experienced control difficulty had only a single occurrence of 
trouble (47 out of 355 total systems reported 47 control problems); most pro- 
blems (83%) took place during the first year of service. 

The problem rate of controls in study 4 was very low; 5% of 212 systems exper- 
ienced only 18 control problems. Furthermore, no control-related mishaps com- 
pletely shut down a system. Almost all (94%) control problems occurred during 
the first year of service, and none of these adversely affected system opera- 
tion after the first year (during the last 8 months) of the study. 

Table 3-10. Control System Problem Incidences 

Study No. 
Average No. of Control Problems Percentage of all Reported 

per System Solar Problems 

10 0.54 26 
16 0.24 -- 

19 0.41 -- 

20 0.33 25 

39 



‘hble 3-k Summary of NSDP Control Problem Incidences 

Study 
No. 

Length of Total No. of 
Total No. of 

Study Past Total No. 
Percentage of Systems 

Control First Year After First Year 

First Year of Systems 
Systems Reporting Reporting Control 
Control Problems Problems 

Problems (No. > (%> (No. > (%I 
(Months) Reported 

1 39 110 21 23 25 6 24 19 76 
2 31 246 38 93 118 45 38 73 62 
3 25 355 13 47 47 39 83 8 17 
4 8 212 5 11 18 17 94 1 6 

Residential 
Subtotal 923 19 174 208 107 51 101 49 

5 28 25 52 13 26 18 69 8 31 
6 14 41 37 15 18 16 89 2 11 
7 17 24 8 2 3 1 33 2 67 

Commercial 
Subtotal 90 33 30 47 35 74 12 26 

Total 1013 20 204 255 142 56 113 44 
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The trend toward improved reliability with each succeeding study was evident 
with the commercial NSDP Projects as well as with the residential cycles 
(Table 3-11). As may be expected, due to the higher complexity of commercial 
control systems relative to those in residential use, a higher overall problem 
incidence percentage was encountered. In study 5, over half (52%) of the sys- 
tems suffered control problems. Many of these were repeat instances; systems 
that reported problems averaged two problems each (13 systems had 26 pro- 
blems). Of those control problems that affected system operation, 79% occur- 
red during the first year. Only a single problem in the last 2-l/3 years of 
the study partially shut down a system, and only 1 of 26 reported control pro- 
blems was severe enough to completely shut down a system. 

Controls had the highest frequency of problems of those subsystems considered 
in study 6 (37% of 41 systems experienced 18 problems). As with study 5, con- 
trol problems were not severe; only one instance completely shut down a sys- 
tem. Eighty-nine percent of all malfunctions occurred during the first year 
of the study. 

Study 7 had the lowest occurrence of control problems of the commercial sites 
(8%). Only three problems were sustained, and none of these affected system 
operation. 

In general, fairly high incidences of problems were encountered with control 
subsystems in the NSDP studies. However, the level of severity was low. 
Reliability of control subsystems tended to improve with time for both the 
residential and the commercial sectors. 

3.4.2 Controller Hardware 

The percentage of systems considered in various studies that experienced con- 
troller hardware problems are listed in Table 3-12. Incidence percentages are 
given as a function of controller problem type. The majority of problems 
encountered appear to be with defective components. 

Studies 8 and 9 provide an indication of how controller reliability improved 
between initial system operation and later service. Problem frequencies both 
due to design and due to defective components decreased by roughly 50% between 
1976-78 and 1978-79. During the same time spans, the overall control subsys- 
tem showed an improvement from 53% to 27% in the percentage of systems exper- 
iencing controls problems. However, the percentage of control subsystem pro- 
blems attributable to controller failures (design or defective component) 
showed an incremental increase from 57% to 64% (21 controller problems of 37 
total control subsystem problems vs. 18 of 28). The frequencies of control 
subsystem reliability problems reported by these studies are shown in 
Figure 3-6. 

Controller hardware evidenced the highest problem rate in study 11; design and 
control settings were secondary effects. 

Controllers were by far the most failure-prone component of the 16 solar sys- 
tems investigated in study 12. A failure rate of 0.24 failures/year (MTBF of 
4.1 years) was experienced. This theme was recurrent in other studies. 
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Table 3-12. Percentage of Systems Experiencing Controller Problems 

Study 
Total Design Component Settings Installation Other 

No. 

8&ga 53(27) 38(20) 15(89 -- -- -- 
11 42 8 25 8 -- -- 
12 63 -- we -- -- -- 
14 7 -- -- -- -- -- 
15 33 -- 26 5 2 de 
17b 30(8) -- 3009 -- we Me 
18 5 -- 5 -- -- -- 

20 14 -- 12 -- -- 2 

aThe first number is for 1976-6/78; the number in parentheses is for 7/78-4/79 

bThe first number is for 10/78-12/80; the number in parentheses is for 1982. 

For example, study 15 suggested that '*controllers produced the most frequent 
problems of all components, and most of these problems were due to failures 
inside the controller [box]" [27]. Problems were sustained by 30% of the 
original controllers used in study 17. Most of these failures were caused by 
a low voltage output which adversely affected the solid state circuitry of the 
units [30]. More recently, controllers continue to fail in that program but 
at a reduced frequency (8%) [31]. 

Controllers were also found to be the least reliable solar component in 
study 20 which further suggests that "solar control system failures . . . 
indicate that controls need reliability-related research*' [36]. An account of 
recent laboratory testing of SDHW control systems is provided by Farrington 
and Myers [71]. 

3.4.3 TemDerature Sensors 

Table 3-13 summarizes sensor problem rates analogous to Table 3-12 for con- 
trollers. Problems with temperature sensors are nearly as prevalent as con- 
troller malfunctions. Studies 14, 15, and 18 report nearly identical overall 
problem incidence percentages for sensors (6%-7%). The other studies listed 
show reduced, although substantial, sensor problems relative to controllers. 

Studies 8 and 9 reported early service life sensor problems accounting for 
roughly half of all reported control subsystem difficulties; later data showed 
sensors representing only a third of all such problems. This was primarily 
due to a dramatic improvement in the reliability of sensor calibration. 

Another problem has been the use of poor quality, inexpensive thermistors by 
controller manufacturers. Recent testing [71] of 3000-ohm and lO,OOO-ohm 
thermistors commonly used in the field found these sensors to be adversely 
affected by temperatures experienced during stagnation conditions. Failures 
of these sensors were attributed to their inferior quality and construction. 
It was felt that an incremental increase in price would result in dramatic 
improvements in reliability of these elements. 
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Figure 3-6. 

Problem incidences 
through June 1978 

Problem incidences 
from July 1978 
through April 1979 

8 

6 

Sensor Sensor Sensor Defective 
calibration location installation component 

Frequency of Control System Reliability Problems [19] 

Table 3-13. Sensor Problem Incidences (X) 

Study 
No. 

Total Installation Location Calibration Faulty Sensor 

8&ga 40(15) 5(39 15Q39 w5) - 

11 25 8 17 -- -- 

14 7 -- -- -- -- 

15 7 4 Mm -- 

17b 
3 

3 -- -- -- -- 

18 6 -- -- -- -- 

20 13 6 -- -- 7 

aThe first number is for 1976-6/78; the number in parentheses is for 7/78- 
4179 l 

b1982 data. 

In general, sensor placement and installation are seen to be more critical 
than inherent faults with the component itself. Study 20 notes that most of 
the installer-caused control failures are due to improper attachment or abuse 
of the sensors. Although study 13 found that most sensors were properly 
installed, both studies agreed that factory installation of sensors is greatly 
desirable for improved component reliability. 
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3.5 AUXILIARY SUBSYSTEM 

The auxiliary subsystem in an SDHW installation provides back-up water heating 
capability to meet load demands that cannot be met by the solar collection 
and/or storage subsystems. Typically, components include some form of heating 
element (gas flame, electric resistance heater, etc.), some form of control, 
and perhaps a secondary storage tank. The small amount of R&M data comparing 
auxiliary and solar components that could be found in the literature is dis- 
cussed below. 

Of 100 systems considered by study 15, a single instance each of a failed 
electric heating element and a failed electric heater thermostat were 
reported. Similar high reliability was experienced in study 18. A 3% 
replacement rate of heating elements in aaxtliary storage tanks was sustained 
through June 1982 in this study. 

With the exceptIon of controller and collector fogging/frosting problems, 
study 20 found solar components exhibited roughly the same rate of maintenance 
as the back-up system. Of 124 SDHW sites monitored over a collective 
199 years, ten element burnouts, four ci.rcuitry problems, and three leaks 
affected auxiliary subsystems. Eighty-two percent of these problems were com- 
ponent-related, 12% were due to improper installation, and 6% were of other or 
unknown origin. The number of back-up system failures (17) were comparable to 
the failure frequency of other components such as pumps (14), valves and vents 

W), collectors (excluding frosting and fogging) (16), and heat exchanger 
freezing and storage tank leaks (7). Study 20 concludes that the "overall 
maintenance requirements . . . indicate that solar systems are almost up to 
par with conventional DHW systems." Almost half (48%) of those sites consid- 
ered had no instances of solar-related maintenance. An important distinction 
is pointed out; however, namely that solar components had only been in service 
during this study for l-3 years, whereas the conventional components had been 
in use for l-10 years. 
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SECTION 4.0 

COMPARISON OF RELIABILITY OF SOLAR COMPONENTS 

The R&M issues associated with individual solar components and subsystems have 
been discussed in the preceeding sections of this report. In this section, 
aggregated problem incidences of various solar elements will be considered to 
provide an intercomparison and ranking of the relevant solar system constitu- 
ents. 

For over 1000 systems included in the NSDP (studies l-7) operating between 
1975-80, the collector and transport subsystems were found to be the most 
failure prone (Table 4-l). Approximately 30% of all systems reported problems 
with these subsystems. The percentage of systems encountering controller and 
storage subsystem problems was approximately 20%. Almost 60% of all systems 
experienced troubles of some kind. These problems were due to 

equipment failures, design mistakes, or installation errors. 
;n'sAme projects only one type of problem occurred: for example, 
some collectors failed in otherwise well-designed and well- 
installed systems. But in many other cases, equipment, design, 
and installation problems have been mutually aggravating, with 
defective hardware improperly Lnstalled in bad systems. [38] 

With the exception of storage, problems at the subsystem level were nearly 
evenly divided between start-up occurrences and problem incidences after the 
first year of operation. 

In considering the HUD residential NSDP incidences of problems as a functLon 
of air vs. liquid systems for heating and hot water (Table 2-3), Freeborne and 
Mara [38] report that for air systems the transport/distribution subsystem was 
the most failure prone (42% of failures) compared to collectors (23%), con- 
trols (21%), and storage (14%). For liquid systems, collectors were the most 
problem-susceptible subsystem (31% of failures) with transport (25%), storage 
(22%) and controls (22%) being slightly more reliable. 

Study 10 provides a detailed ranking of component failure for 80 commercial 
solar heating and cooling systems (Table 4-2). It was found that the combined 
problem occurrences for collectors, controls, interconnections, pumps, valves, 
and storage containers comprised 95% of the system failures. The remaining 
failures were caused by the other components listed in Table 4-2. Overall, 
components failed in 52 of the 80 systems considered. Every failed system 
experienced at least one collector problem. In general, there is a one-to-one 
correspondence between the ranking based on percentage of systems affected by 
failures and the average number of problems per system in this study. 

Although not all components listed in Table 4-2 were assessed by study 12 
(notably lacking were collectors and storage), general agreement is found 
between those components common to studies 10 and 12. In the latter, controls 

were the most failure-prone component of 16 monitored solar systems. Piping 

(-interconnections) was the second most failure-prone component. Pumps, 

valves, and heat exchangers were shown to be very reliable and had 
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Table 4-l. Comparison of Subsystem Problem Incidences Reported for 1013 System Included in the 
NSDP [14] 

Subsystem 
First Year 

After First 
Percentage of Total No. of Systems Total No. of Year 

Systems Reporting Reporting Problems Reported 
Problems Problems (No. > (%) (No.) (%> 

Collector 30 301 351 164 47 187 53 
Transport 31 314 391 224 57 163 43 
Storage 19 188 241 96 40 145 60 
Controls 20 204 

598" 
255 142 56 113 44 

Totals 59" 1238 626 -v 608 49 

aSource: Freeborne and Mara [38] 
b 
59% of 1013 total systems. 



Table 4-2. Ranking of Component Failures in 80 Commercial Solar Heating and Cooling 
Systems from Study 10 [20] 

Component 
No. of Problems Percentage of Percentage of Average No. of 

Reported Total Failures Systems Affected Problems/System 

Collectors 
Controls 
Interconnections 
Pumps 
Valves 
Storage containers 
Heat exchangers 
Dampers 
Chillers 
Heat pumps 
Air handlers 

Total 

113 
86 
49 

28 
19 
18 
8 
4 
4 
2 
1 

332 

34.0 65 
25.9 54 
14.8 39 

8.4 35 
5.7 24 
5.4 23 
2.4 10 

1.2 5 
1.2 5 
0.6 3 
0.3 1 

100.0 a- 

1.41 
1.08 
0.61 
0.35 
0.24 
0.23 
0.10 
0.05 
0.05 
0.02 
0.01 
4.15 

. . . failure rates comparable to other mechanical system applica- 
tions. Solar energy system controllers are the least reliable but 
still fall within the range of failures exhibited by other mechan- 
ical systems. However, piping leaks on solar energy (systems) 
occur at three times the rate of other mechanical system applica- 
tions. [23] 

The failure rates and MTBF for those components studied are presented in 
Table 4-3. It is important to note that these results are for a small sample 
size (16 systems) tested over a very short time period (1 year) and they are 
indicative of trends at best. The failure rate and MTBF are related as: 

MTBF = l/failure rate . 

The problem incidences for a number of applicable studies have been incorpo- 
rated in Table 4-4. Study 17 (LILCO) and 18 (TVA) were not included in this 
tabulation for several reasons. First, information contained in these studies 
tended to be raw, unanalyzed data not easily categorized into component clas- 
sification. Second, failures were multiply counted; e.g., a large number of 
storage tanks were replaced for the same reason/failure in the TVA study. 
Finally, synergistic effects confounded the problem categories. For example, 
controllers caused 34 pump failures in the LILCO study. 

From Table 4-4, it can be concluded that piping/ducts, controls, and collec- 
tors have relatively high percentages of problem incidences. Pumps and fans 
and valves and dampers are intermediately reliable. Storage units and heat 
exchangers apear to be the most reliable solar components. 

It should be reemphasized that the diverse manner in which solar R&M data have 
been defined, gathered, analyzed, and reported in the literature has made it 
difficult to quantify many specific R&M issues. Further, available informa- 
tion is limited and fragmented, preventing a complete and concise understand- 
ing of the overall state of solar R&M. However, general trends and relative 
rankings can be established. 
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Table 4-3. Failure Rates and Mean Times Between Failures for 

Solar Components Considered in Study 12 

Component 
Failure Rate Mean Time Between Failures 

(failures/year) (years) 

Controls 0.24 4.1 
Leaks 0.12 8.3 
Valves 0.07 13.6 
Heat exchangers 0.06 16.1 
Pumps 0.07 39.1 

Table 4-4. Problem Incidences Reported for Solar Components 
by Applicable R&M Studies 

Component 
Study No. Totals 

10 11 12 14 15 16 19 20 Q % 
~~~~ 

Piping/ducting 49 18 5 10 136 9 28 46 301 26.1 
Controls 86 8 10 22 40 7 63 41 277 24.0 
Collectors 113 19 -- -- 23 5 69 31 260 22.6 
Pumps/fans 29 9 4 3 23 2 32 14 116 10.1 
Valves/dampers 23 9 4. 14 21 4 -- 20 95 8.2 
Storage 18 6 -- -- 7 2 31 4 68 5.9 
Heat exchanger 8 -- 4 -- -- 5 14 4 35 3.0 

Total 326 69 27 49 250 34 237 160 1152 100.0 
No. of systems 80 12 16 137 100 29 154 124 652 -- 
Percentage of systems 

affected 65 I()() -- -- -- -- 73 52 - -_ 

Average No. of problems/ 

system 4.08 5.75 1.69 0.36 2.50 1.17 1.54 1.29 1.77 -- 
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SECTION 5.0 

The diverse manner in which solar R&M data has been defined, gathered, ana- 
lyzed, and reported in the literature has made it difficult to quantify many 
specific R&M issues. Further, available information is limited and frag- 
mented, preventing a complete and concise understanding of the overall state 
of solar R&M. However, general trends and relative rankings can be esta- 
blished. The following conclusions and recommendations have been formulated 
based upon the evaluation and assessment of historical R&M data found in the 
literature. 

A comparison of the reliability of solar systems revealed that 

l Based on a small number of comparative systems, DHW-only systems are 
relatively more reliable than combined SH t DHW systems 

e Liquid systems are, in general, less reliable than air systems. However, 
it should be noted that the nature of air systems makes failures diffi- 
cult to detect. (Levels go unnoticed and do not cause damage.) Such 
problems can only be characterized in terms of a degradation in system 
performance. 

l Of the liquid systems, drainback and recirculation systems are fairly 
reliable, antifreeze and oil systems are intermediately reliable, and 
draindown systems and systems with electric resistance heating to prevent 
freezing are the least reliable of the systems studied. 

Evaluation of solar subsystems disclosed that 

e Collector subsystems have low reliability; 30%-50% of the systems sur- 
veyed reported collector problems of some type 

o Tracking collectors are especially failure prone 

l Problems experienced by flat-plate collectors that need to be further 
addressed include leaks, damaged glazings, seals and gaskets, and freez- 

ing 

l Manifold and interconnection problems continue to be significant relia- 
bility issues with solar energy systems 

Stora ge subsys tern problems tend 
opera .tion appe ars to be min imal 

to be nonsevere, and the impact on system 

o Proper attention paid to design and installation guidelines should result 
in very reliable storage subsystems 

l Although no single heat transfer fluid exhibits all of the desirable pro- 
perties such a fluid should have, most are capable of functioning pro- 
perly if their limitations are recognized and taken into consideration 
during system design, installation, and operation 
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l Many problems with fluid passageways have been documented but strong evi- 
dence suggests that many fluid channel failures can be eliminated by 
improved installation practices 

e Control subsystems experience fairly high incidences of problems although 
the level of severity tends to be low 

a Temperature sensor placement and installation are more critical than 
inherent faults with the component itself. 

Concerning the relative reliability of solar components, it can be concluded 
(Figure 5-l) that 

Piping/ducts, controls, and collectors exhibit relatively poor reliabil- 
ity and require further R&M research. Although piping and ducts exhib- 
ited the lowest reliability of the solar components considered 
(Figure 5-l), problems tended to be installation-related (avoidable) and 
generally less severe (typically easily repairable leaks) than problems 
with other components 

Pumps and fans and valves and dampers are intermediately reliable 

Storage units and heat exchangers appear to be the most reliable solar 
components. 

2 
;: 
8 

Piping/ducts 26.1 

Controls 24.0 

Collectors 22.6 

Pumps/fans 10.1 . 

Valves/dampers 

Storage 

Heat exchanger 

8.2 

5.9 

3.0 

10 20 

Percentage of total solar-related problems 

30 

Figure 5-l. Relative Reliability of Solar Components Based on Aggregated 
Data (652 systems) from Table 4-4) 
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From data reported for over 1000 NSDP insallations (Table 4-l): 

l Total system problems were equally divided between "first year" (51%) and 
"after first year" (49%) occurrences 

At the subsystem level 3 storage problems 
first twelve mont hs of operation 

were more frequent following the 

l Transport and controls subsystems were slightly more failure-prone during 
the first year of service compared to later operation. 

Historically, the incidence of solar-related R&M problems has been extremely 
high. This has significantly contributed to the failure of active systems to 
compete as an effective energy device in the residential and commercial mar- 
kets and has given the solar industry a poor reputation. However, indications 
exist that solar R&M has improved with time. Moreover, additional advances 
are readily obtainable especially in terms of system design and installation. 
This result is supported by a recent extension of study 14, which found 36% of 
all problems were installer-related [72]. It was concluded that 

installation-related problems are the most frequent cause of 
;miriper system operation. In all probability, this type of pro- 
blem should decrease as existing installers learn from their mis- 
takes and new installers, hopefully, will also benefit from the 
growing base of experience. [72] 
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APPENDIX 

STATISTICAL TEST OF SIGNIFICANCE INVOLVING SAMPLE DIFFERENCES 

Percent failures (proportions) are expected to follow a binomial distribution. 
For a large sample size (number of observations, N greater than 30), the bino- 
mial distribution can be approximated by a normal distribution. In this case 
a standardized Z-test can be used to compare the statistical sfgnifi.cance of 
the difference of two percentages at a specified confidence level, say, 95% 
(level of signi.ficance, cX = 0.05) [l]. Several hypotheses can be formulated, 
namely: 

. Ho --the null hypothesis which holds that the observed difference is due 
to chance 

e 111 --the observed difference is statistically significant. 

Deciding between Ho and Hl involves what is known as a two-tai.led normal devi- 
ate test. The standardized variable is computed as [2]: 

Pl - P2 = 
0 SP1-P2 ' 

where 

sp,:; j/f-- 
Nl -t N2 = PQ 
NlN2 l 

SP1-P2 is the standard error under the null hypothesis with 

pi = observed percentage/loo% (proportion) 

Ni = number of observations involved in determining Pi 

i = 1,2 

NlPl -t N2P2 
P = 

Nl-tN2 ' 

Q = 1 - p. 

The observed normal deviate Z, is thus computed and compared with a critical 
value Z, to accept or reject the null hypothesis. For a = 0.05, we see that 

zc = 1.96. Thus, if Z, > z,, the hypothesis that the observed difference in 
percentages (Pl - P2) is due to chance is rejected, and the hypothesis that 
the difference is statistically significant at a 95% confidence level (i.e., 
there is a 95% probability that the observed percentages are different) is 
accepted. 

However, it should be remembered that this approach is only valid for large 
numbers of observations (Nl and N2 greater than 30). Many of the studies con- 
tained in thi.s report dealt with small numbers of systems. In these cases, 
conclusions regarding relative percentages cannot be statistically supported 
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using this approach, and a small-sampling theory must be applied. In this 
case, however, an estimate of the standard error associated with each propor- 
tion must be known, and this information was not readily available from the 
data reported in the studies included in this report. In general, the diverse 
nature of the data reported in the literature precludes any more sophisticated 
statistical analyses than the normal deviate test, and this test is limited to 
studies based on a large number of systems. 

1. Thompson, P., private communication, Columbus, OH: Ohio State University, 
23 Dec. 1983. 

2. Snedecor. G. W., and W. G. Cochran, Statistical Methods, Ames, IA: The 
Iowa State University Press, 1967, pp. 220-221. 
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